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(57) Abstract: There is provided a superluminescent diode (SLD) 
comprising a planar optical waveguide (41) having two trenches 
(42) which extend from a facet (45 ) of the planar optical waveguide, 
the two trenches defining a ridge therebetween in the planar optical 
waveguide. At least one trench has at least a region (43) which is 
tapered, in which the width of the trench decreases with distance 
from the facet measured along the length of the trench. The taper- 
ing trench or trenches provide for light that is propagating away 
from the facet and guided by the ridge to be gradually evanescently 
coupled out to a surrounding broad area waveguide, thus reducing 
the amount of light that may reach a further facet and be reflected 
back into the guided mode. 
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A SUPERLUMINESCENT DIODE 
Field of the Invention 

The present invention relates to a superluminescent diode and in particular to 
5 a structure for reducing unwanted reflections within the diode. 



Background to the Invention 

The high power superluminescent diode (SLD) is widely used as a light source 
in optical sensors, gyroscopes, dense wavelength division multiplexing (DWDM) 

10 measurement systems and other types of optical system. The main requirements of 
SLD are high power, wide spectral width and low spectral modulation. In order to 
achieve these characteristics, the reflectivity of the end facets must be reduced to 
about 1 0 5 (0.001 %) or less to suppress lasing oscillation under high power operation 
and to about 10* 6 (0.0001%) to achieve low spectral modulation. 

15 A number of techniques have been reported for reducing facet reflectivity. The 

most common techniques are antireflection coatings, tilting the stripe of the active 
region relative to the facet and window facet structures. It is difficult to achieve 
consistently low reflectivity, especially below 10* 6 , at the end facets for a given output 
wavelength and even a slight temperature change that alters the output wavelength 

2 0 will change the reflectivity. Therefore, for a low facet reflectivity of 10" 5 and below, a 
combination of several techniques is required. Some of the prior art concerning the 
applications of these techniques to the SLD are as follows. 

One prior art technique employs a non-excitation absorption type SLD. By 
having a region to which no electrical bias is applied, the material becomes absorbing 

25 to the optical light generated in the active region. Light directed away from the output 
facet is therefore absorbed and the amount of light reflected back to the stripe is 
greatly reduced. However, under high power output operation, the intensity of the 
light generated in the active region due to the light-emission and recombination of 
carriers is increased and the ratio of the light reflected by the end facet and amplified 

30 in the active region is increased. In addition, there is a sharp refractive index change 
at the interface between the gain and absorption sections, and hence residual back 
reflection exists. Consequently, the light would not be sufficiently absorbed in the 
absorption region, resulting in laser oscillation. 
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SLDs which employ a combination of a straight portion and a bend portion 
have been fabricated and investigated. An SLD of this type may employ a waveguide 
that bends such that, at the facet, the waveguide is at an angle with a low associated 
reflectivity. Unfortunately, the waveguide, extending up to the facet, would enable the 
5 residual reflected field to be guided back along the stripe. In addition, as the light 
output direction is not perpendicular to the end facet, the efficiency with which the 
output light can be coupled to an optical fiber is not high. 

U S. Patent 4901123 discloses a technique, whereby a bend waveguide with 

a tapered end is used to suppress the lasing oscillation. The structure disclosed is 
based on a buried heterostructure stripe. Here, the tapering of the waveguide is 
strictly needed in order to avoid reflection at the interface between the end of the 
stripe and the window region. However, due to the limitations of lithography, it is 
difficult to obtain the very sharp end to the waveguide needed to attain very low 
effective reflectivity. 
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Summary of the Invention 

According to a first aspect of the present invention an optical device comprises 
a planar optical waveguide having two trenches which extend from a facet of the 
planar optical waveguide, the two trenches defining a ridge therebetween inthe planar 
optical waveguide, at least one trench having at least a region which is tapered, 
wherein the width of the trench decreases with distance from the facet measured 

along the length of the trench. 

The tapering trench or trenches provide for a gradual evanescent coupling out 
of the ridge of light propagating away from the facet, thus reducing the amount of light 
that may reach a further facet and be reflected back into a region defined by the ridge. 
The light is coupled into the broad area planar optical waveguide on either side and 
is therefore much less likely to be reflected back towards the ridge and be coupled 
efficiently into a mode guided by it 

The structure of the device according to the first aspect of the present 
invention is particularly applicable to a superiuminescent diode (SLD), where it is 
important to achieve good effective end facet anti-reflectivity and thereby suppress 
unwanted Fabry Perot oscillation. 

Preferably, the optical device comprises a superiuminescent diode (SLD). 
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Of course, the optical device may equally well be another form of planar ridge 
waveguide device which requires low effective reflectivity towards a facet. Such 
devices include laser devices, which need to operate at high power while maintaining 
* good single mode operation. 
5 Alternatively, therefore, it is preferred that the optical device comprises a 

distributed feedback (DFB) laser. 

Preferably, the ridge meets the facet at substantially 90°. 
Light guided by the presence of the ridge and that is incident normally on the 
facet will tend to emerge with a more symmetric profile, thereby facilitating coupling 
10 of the light into other devices including an optical fiber. 

Preferably, both trenches have a tapered region. 

A tapered region on either side of the ridge will cause light to couple out on 
both sides thereby dispersing it further. It will also tend to result in a more symmetric 
guided mode propagating towards the facet. 
1 5 Preferably, a portion of the ridge is curved. 

If a portion of the ridge is curved, any light propagating away from the facet 
that has not been coupled out from the region beneath the ridge will emerge into the 
broad area waveguide in a direction that is unlikely to be at normal incidence to 
another facet of the optical device. This further reduces the likelihood of reflected 

2 0 light being coupled back into a mode guided by the ridge. 

Preferably, the curved portion is defined by a smooth function that may also 
be monotonia Alternatively, the curved portion may comprise one or more straight 
sections, so as to be defined in a discrete manner. 

A smooth curved portion will facilitate a gradual adiabatic coupling of light from 
25 the region confined by the ridge whilst also promoting a more symmetrical mode 
propagating toward the output facet. 

Preferably, the curved portion of the ridge is defined by the tapered region of 
a trench. 

In this way both the loss by evanescent coupling and the change in the 

3 0 propagation direction of the remaining guiding light occurs simultaneously. The 

desired structure can be achieved by defining the trenches in a single fabrication 
process. 

Preferably, the width of the ridge is substantially constant along its length. 
A constant ridge width can help to promote a better defined mode. 

3 
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Preferably, the two trenches have substantially the same length as the ridge. 

Equal lengths ensure that the ridge terminates by opening out into the broad 
area waveguide in a symmetrical manner. Although, if the ridge is curved, the outer 
wall of one trench will of course be slightly longer than the outer wall of the other 
5 trench. 

Preferably, a trench is filled. More preferably, a trench is filled with a material 
selected from a group which includes a dielectric material, polyimide, 
benzocyclobutene and a lll-V semiconductor material. 

By filling both trenches a buried structure can be achieved, which both protects 
10 the side walls of the ridge and also allows the refractive index of the material 
surrounding the ridge to be determined by appropriate choice of material. 

The reflectivity of the output facet may also be tailored by the application of a 
suitable thin film coating. 

Preferably, the facet is anti-reflection coated. 
15 If the optical device comprises an active device, it will typically have an active 

region providing optical gain. 

Preferably, the optical device further comprising an active region located 
beneath at least a portion of the ridge. The active region may be quantum well 
intermixed to tune the band gap in the active region to the desired wavelength. 
20 Preferably, at least one of the trenches extends down to at least the active 

region in order to achieve suitable optical confinement. 

It is further preferred that the optical device comprises an absorbing region. 
An absorbing region located some distance away from the facet provides another loss 
mechanism for radiation propagating away from the facet. Preferably, the absorbing 
25 region is located in the broad area waveguide into which light guided by the ridge 
emerges. 

Furthermore, by reverse biasing at least a portion of the absorbing region via 
a suitably located electrode, the region can act as a photodetector, generating a 
photocurrent related the optical signal strength. Such a photodetector can act as an 
30 integrated monitor for the optical device and may be used to provide a feedback 
signal. 

According to a second aspect of the present invention a method for reducing 
reflections in an optical device comprising a planar optical waveguide having a ridge 
comprising the step of: 

4 



BNSDOCID: <WO 20<M005985A1_I_> 



WO 2004/005985 



PCT/GB2003/002912 



providing two trenches which extend from a facet of the planar optical 
waveguide to define the ridge therebetween in the planar optical waveguide, at least 
one trench having at least a region which is tapered, wherein the width of the trench 
* decreases with distance from the facet measured along the length of the trench. 
5 Acpording to a third aspect of the present invention a method for fabricating 

an optical device comprising the steps of: 

providing a planar optical waveguide on a substrate; 
etching at least two trenches in the planar optical waveguide which extend 
from a facet of the waveguide to define a ridge therebetween in the planar optical 
l o waveguide, at least one trench having at least a region which is tapered, wherein the 
width of the trench decreases with distance from the facet measured along the length 
of the trench. 

Preferably, the optical device in the second and third aspects of the present 
invention comprises a superluminescent diode (SLD). 

15 

Brief Description of the Drawings 

Examples of the present invention will now be described in detail with 
reference to the drawings in which: 

Figure 1 shows the structure of a prior art non-excitation absorption SLD; 
20 Figure 2 shows the structure of a prior art SLD with straight portion and 

bending portion at the end facet; 

Figure 3 shows (a) a plan view and (b) a cross section view of the structure of 
a prior art non-excitation absorption SLD with a bend waveguide and tapered end; 

Figure 4 shows (a) a 3D view and (b) a plan view of the structure of an SLD 
* 25 according to the present invention; 

Figure 5 shows (a) a 3D view and (b) a plan view of the structure of another 
SLD according to the present invention; 

Figure 6 shows the exemplary x-z dimensions of an SLD of the type shown in 
Figure 5. 

3 o Figure 7 shows a simulation of the x-z optical field distribution in the device of 

Figure 6; 

Figure 8 shows an x cross section through the optical field distribution of 
Figure 7 at approximately z=280pm; 
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Figure 9 shows the measured light-current characteristics of an SLD of the 

type shown in Figure 5; 

Figure 10 shows the output spectrum of the SLD characterised in Figure 9; 
Figure 11 shows the structure of an SLD according to the present invention 
5 with an active region and an absorption region; and, 

Figure 12 shows the structure of an SLD according to the present invention 
with an active region, an isolation region and monitoring photodiode region. 

Detailed Description 

0 Some prior art approaches to solving the problem of unwanted reflections in 

an SLD are illustrated in Figures 1 to 3. Figure 1 shows a prior art SLD of the type 
which employs a non-excitation absorption region to reduce backward propagating 
light. Figure 2 shows a prior art SLD which employs a straight portion and a bend 
portion. The bend portion extends to the facet such that the waveguide meets the 

L5 facet at an angle with a corresponding low reflectivity. Finally, Figure 3 illustrates a 
prior art technique, based on a buried heterostructure stripe, which employs a bend 
waveguide with a tapered end to suppress unwanted lasing oscillation. However, 
although the above designs provide improved SLD performance, each technique has 
its drawbacks or limitations. 

2 o Figure 4 illustrates a typical SLD 40 according to the present invention. The 

device structure consists of a ridge 41 defined by two etched trenches 42 located on 
either side. The ridge waveguide 41 converges into a slab waveguide 44 at the 
desired anti-reflection end of the device. More importantly, the widths of the trenches 
on both sides are reduced 43 as the ridge waveguide 41 is led towards the rear facet 

2 5 46. The waveguide 41 is formed so as to meet the light output front facet 45 at 90°. 

In this design, the optical mode profile will be symmetrical about its propagating axis, 
hence leading to easier and more efficient coupling to an optical fiber. Output light 
emerging normal to the end facet does not suffer from beam direction drift with 
intensity, which is often observed in bend and tilted waveguides. However, if so 

3 o desired, the waveguide 41 at the light output front facet 45 can also be formed tilted 

at an angle to the facet. 

In this design, back reflection from the non-output facet 46 is greatly reduced 
by introducing loss for light propagating in the direction away from the output facet 
inside the ridge waveguide 41 through controlled mode coupling between the ridge 
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waveguide 41 and the slab waveguides 44 beyond the etched trenches 42. The 
mode coupling is achieved via tapered trenches 43 with the width of a trench reducing 
in the propagation direction away from the output facet. The resulting enhanced 
* mode coupling will lead to the light propagating along the ridge waveguide 41 in the 
5 direction away from the output facet 45 being gradually guided out into the outer slab 
waveguides 44 beyond the etched trenches 43. Consequently, the amount of light 
reaching the rear facet 46 is minimised, resulting in the amount of light that is reflected 
back to the ridge waveguide 41 being drastically reduced. 

Away from the front facet 45, the ridge waveguide region 41 converges into 
10 the rear slab region 44 before reaching the end facet. Upon entering this free- 
propagating slab region, the lateral field enlarges into the slab due to the lack of 
lateral optical confinement. Any back-reflected field returning from the rear facet 46 
is propagating in an enlarged mode, which is highly mismatched with the guided mode 
of the ridge waveguide 41, thus reducing the amount of light propagating back into the 
15 ridge waveguide 41. 

In order to further reduce the residual back reflection, the ridge waveguide 51 
may be bent or curved with a small bending radius. The width of the side trenches 52 
may be reduced concurrently 53. Figure 5 shows an example of this embodiment of 
the present invention. The curved ridge 57, in combination with the tapering trench 53, 

2 0 results in most of the light that is propagating in the ridge waveguide 51 towards the 

rear facet 56 being coupled out of the guiding region 57 into the outer slab 
waveguides 54 beyond the trenches. This mechanism also results in the remaining 
guided light exiting at an angle into the back slab 54, further reducing the reflection 
arising from the ridge and back slab waveguide interface. The tapered trench 53 also 
* 25 functions to diffract light coming back from the rear facet 56 away from the 
waveguiding region 51. 

This device configuration of a ridge waveguide with tapering side trenches 
enables the reflection of light from the rear facet to be reduced immensely. For a 
superluminescent diode, this device structure helps enhance the superluminescent 

3 o effect, whereby the diode operates without lasing with high power emission. An anti- 

s reflection coating can be applied to the light emission facet in order to further enhance 
the superluminescent performance. 

Figure 6 illustrates the typical dimensions that may be employed in a device 
of the type shown in Figure 5. As indicated, the trenches begin with a width of 1 1 pm 
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reducing to 1 M m over a longitudinal distance of 300 pm. Figure 7 shows the results 
of a simulation of the optical field distribution in the device of Figure 6. It can be seen 
that the field radiates out of the ridge waveguide region as the trenches taper fn with 
the bending ridge. Upon exiting the waveguide, the field spreads out rapidly and 
asymmetrically. The field is incident on the rear facet at an angle and some distance 
away from the ridge. Figure 8 shows a cross section through the simulated results of 
Figure 7 at a position near to the exit of the ridge waveguide. The graph shows the 
detailed distribution of the optical field in the transverse (x) direction at a longitudinal 
(z) position of approximately 280pm. It can be seen that a significant portion of power 
is being steered into the radiation modes of the outer slab regions beyond the etched 
trenches. 

The epitaxial structure of the SLD can be implemented using conventional 
technology such as metal organic chemical vapour deposition (MOCVD) or molecular 
beam epitaxy (MBE) . The devices are fabricated from a semiconductor material, such 
as GaAs/AIGaAs and InGaAsP/lnP, which permits the introduction of heterostructures 
and/or quantum well structures. The ridge waveguide may be etched down to the 
active region (a normal ridge structure) or beyond the active region to form a high 
mesa structure for enhanced optical confinement. The etched trenches on the sides 
of the ridge waveguide may also be filled using a dielectric material (i.e. silicon nitride 
or silicon dioxide), polyimide, benzocyclobutene (BCB), or lll-V semiconductor 
material, thus forming a buried structure. 

Figure 9 shows the light output power versus current injection measured at 25 
°C for a submounted SLD fabricated according to the proposed design, with tapering 
side trenches and curved ridge waveguide. A power level of more than 8 mW is 
achieved with an injection current of 300 mA. The corresponding spectrum measured 
with an optical spectrum analyzer (OSA) is shown in Figure 10. A spectral width, 
measured by the full-width at half-maximum (FWHM), of larger than 40 nm can be 
obtained at varying levels of current injection. 

In order to further enhance the superluminescent effect and enlarge the 
spectral width, the bend waveguide region can be made to be absorptive, as shown 
in Figure 1 1 . In the conventional approach, the integration of an active region and an 
absorbing region usually involves many steps of etching and regrowth. This results 
in low yields and also a mismatch in the optical propagation coefficient at the 
interfaces with the regrown material, leading to back reflections. An exemplary 
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embodiment of a typical method to obtain higher bandgap energy in the active region 
is to use the quantum well intermixing (QWI) technique. The use of this method • 
improves this situation considerably as it provides a gradual and very small change 
* in the refractive index at the interfaces. Therefore, back reflection from the interface 
5 can be suppressed, and the unwanted Fabry-Perot modes of oscillation can be 
eliminated. 

Moreover, the proposed configuration also allows for easy integration of a 
photodiode for monitoring the SLD optical output. A monitoring photodiode can be 
implemented by adding a metal contact to the absorption region and an isolation 

10 groove between the absorption and active gain regions, as shown in Figure 12. By 
reverse biasing the absorption region, an integrated photodiode is obtained which 
yields a photocurrent signal that is proportional to the light being emitted by the SLD. 
This embodiment of the present invention ensures that all light propagating towards 
the bend waveguide will be completely absorbed, effectively rendering the back facet 

15 completely anti-reflecting. 

In addition to enhancing greatly the performance of superluminescent diodes, 
the tapered trench structure can also be incorporated in other types of optical device 
such as the distributed feedback (DFB) laser. The low reflectivity structure can help 
to eliminate the undesirable Fabry-Perot (FP) reflections within the DFB laser, which 

20 tend to degrade the single mode operation of the laser. It is expected that such a 
design would permit very high power single-mode output. 

In conclusion, the tapered side trench structure employed in an optical device 
according to the present invention provides an effective power dump, whereby 
undesired optical power is coupled out of the confining optical waveguide to slab 

25 waveguides located on either side. These broad area slab waveguides provide no 
lateral confinement and so light is quickly dispersed with very minimal possibility of 
back coupling into the original optical waveguide. The mismatch in mode size helps 
to minimise back coupling of any reflected radiation. The use of an angled or curved 
waveguide can further reduce the likelihood of back coupling. Consequently, very 

3 0 effective anti-reflection and suppression of backward propagation can be realized. 
The structure is particularly well suited to a high performance superluminescent diode, 
but may also be employed in other types of optical device where low effective 
reflectivity is required. 
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CLAIMS 

1 . An optical device comprising a planar optical waveguide having two trenches 
which extend from a facet of the planar optical waveguide, the two trenches defining 

5 a ridge therebetween in the planar optical waveguide, at least one trench having at 
least a region which is tapered, wherein the width of the trench decreases with 
distance from the facet measured along the length of the trench. 

2. An optical device according to claim 1 , wherein the optical device comprises 
10 a superluminescent diode (SLD). 

3. An optical device according to claim 1 , wherein the optical device comprises 
a distributed feedback (DFB) laser. 

15 4 A n optical device according to any preceding claim , wherein the ridge meets 
the facet at substantially 90°. 

5. An optical device according to any preceding claim , wherein both trenches 
have a tapered region. 

20 

6. An optical device according to any preceding claim, wherein a portion of the 
ridge is curved. 

7. An optical device according to claim 6, wherein the curved portion comprises 
25 at least one straight section. 

8. An optical device according to claim 6 or 7, wherein the curved portion of the 
ridge is defined by the tapered region of a trench. 

3 0 9. An optical device according to any preceding claim, wherein the width of the 
ridge is substantially constant along its length. 

1 0. An optical device according to any preceding claim, in which the two trenches 
have substantially the same length as the ridge. 

10 
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11. An optical device according to any preceding claim, wherein a trench is filled. 

12. An optical device according to claim 11, wherein a trench is filled with a 
5 material selected from a group which includes a dielectric material, polyimide, 

benzocyclobutene and a lll-V semiconductor material. 

13. An optical device according to any preceding claim, wherein the facet is anti- 
reflection coated. 

io 

14. An optical device according to any preceding claim, further comprising an 
active region located beneath at least a portion of the ridge. 

1 5. An optical device according to claim 14, wherein at least one of the trenches 
15 extends down to at least the active region. 

16. An optical device according to claims 14 or 15, wherein the active region is 
quantum well intermixed. 

20 17. An optical device according to any preceding claim, further comprising an 
absorbing region. 

18. An optical device according to claim 17, wherein at least a portion of the 
absorbing region is reverse biased to act as a photodetector. 

' 25 

19. A method for reducing reflections in an optical device comprising a planar 
optical waveguide having a ridge comprising the step of: 

providing two trenches which extend from a facet of the planar optical 
waveguide to define the ridge therebetween in the planar optical waveguide, at least 
3 o one trench having at least a region which is tapered, wherein the width of the trench 
decreases with distance from the facet measured along the length of the trench. 

20. A method for fabricating an optical device comprising the steps of: 
providing a planar optical waveguide on a substrate; 
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etching at least two trenches in the planar optical waveguide which extend 
from a facet of the waveguide to define a ridge therebetween in the planar optical 
waveguide, at least one trench having at least a region which is tapered, wherein the 
width of the trench decreases with distance from the facet measured along the length 
5 of the trench. 

21. A method according to claim 19 or 20, in which the optical device comprises 
a superluminescent diode (SLD). 
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